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Background: Cognitive impairments in bipolar disorder (BD) such as memory deficits 
are associated with poor functional outcomes and it has been suggested that the brain-
derived neurotrophic factor (BDNF) Val66Met polymorphism contributes to individual 
variability in memory function in BD. The current study investigated the relationship 
between the BDNF Val66Met polymorphism, neural activity during a picture-encoding 
task, and subsequent memory recall.

Methods: A total of 70 patients with BD grouped according to genotype [ValVal or Met 
carriers (MetVal/MetMet)] underwent fMRI while performing a picture-encoding task. 
Memory for the encoded pictures was tested with a subsequent free recall memory task.

Results: There was no difference between the ValVal homozygotes and Met carriers in 
the involvement of hypothesized memory encoding regions i.e. hippocampus and dorsal 
prefrontal cortex (dPFC). However, an exploratory whole-brain analysis showed greater 
encoding-related lateral occipital cortex activity in Met carriers. Behaviorally, Met carriers 
also showed better free recall of the encoded pictures.

Conclusions: We found no effect of the BDNF genotype on encoding-related hippocampal 
and dPFC activity in BD, although Met carriers showed superior memory performance 
after the scan, which could be related to more efficient perceptual processing during 
encoding.
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BaCKgROUND
Cognitive impairments in bipolar disorder (BD) are associated with 
reduced functional capacity and poor prognosis (1). Specifically, 
patients’ verbal memory and executive function are among the 
strongest predictors for vocational capacity (2). The pattern of 
cognitive impairment in BD is heterogeneous, as some patients 
remain cognitively intact while up to 60% present with selective or 
global impairments (1). It is likely that genetic factors play a role 
in this heterogeneity, but the contribution of risk genotypes to the 
cognitive impairments in BD is poorly understood. It is important 
to gain a better understanding of these relationships and the factors 
that contribute to the cognitive heterogeneity seen in BD in order to 
offer personalized treatments and identify new therapeutic targets.

Several candidate vulnerability marker genes believed to 
confer risk of cognitive deficits in psychiatric disorders have been 
explored using cognitive assessments and imaging genetics (3). 
These include the Val66Met single nucleotide polymorphism in 
the gene encoding brain-derived neurotrophic factor (BDNF) 
and its relationship with memory function. In the Val66Met 
polymorphism, a valine to methionine substitution at codon 66 
results in a switch from guanine to adenine at position 196 in 
the pro-region of the BDNF gene, leading to reduced activity-
dependent BDNF secretion and potential associated changes in 
hippocampal functions such as episodic memory (4, 5).

There is some evidence suggesting that the Val66Met 
polymorphism affects cognition and neural processing, although 
findings from existing studies are mixed (6–10). A systematic review 
of studies using clinical and healthy populations found that 23 of 
63 studies showed a significant relationship between memory and 
Val66Met carrier status (11). For example, Egan et al. (10) found 
reduced free recall memory for an auditory short story in Met 
carriers, which is known to rely on the hippocampus, although 
this effect of genotype was not present on a second measure 
of free recall [California Verbal Learning Test (CVLT)]. Some 
studies have also reported relationships between Val66Met and 
aspects of memory that are known to be less dependent of the 
hippocampus such as recognition memory (12, 13). However, in 
a study using a similar task to the task used in the current study, 
Dodds et al. (6) presented healthy participants with scene pictures 
during encoding and asked participants to make indoor/outdoor 
judgments of the pictures as they were presented. Subsequently, 
participants completed a recognition memory test indicating 
whether the presented pictures were old or new. This study found 
no differences in memory performance or neural activity during 
encoding between BDNF Val66Met genotypes among these healthy 
individuals. However, subsequent studies using similar paradigms 
have found both reduced (9) and increased (8) MTL activity during 
memory encoding, and hence, inconsistencies in studies with 
healthy participants remain.

Given the albeit mixed evidence for impact of BDNF 
genotype on memory performance and related neural processing 
across healthy and psychiatric populations, it is pertinent to 
consider that BDNF genotype might play a role in the cognitive 
heterogeneity seen in BD but only few studies have investigated 
the relationship between memory and Val66Met genotype in BD. 
One study showed that Met carriers with BD displayed reduced 

verbal memory performance (and smaller hippocampal volumes) 
compared to both healthy and depressed Met carriers, suggesting 
a specific disadvantage for Met carrier BD patients on memory 
function (14). Another study using a more general screening for 
cognitive function including memory did not find an association 
with Val66Met status (15). To our knowledge, no studies have 
investigated the neural underpinnings of the association between 
BDNF Val66Met genotype and memory performance in BD, 
which may provide a more sensitive measure of the relationship 
between genotype, memory function, and neural mechanisms.

In this study, we investigated the effects of BDNF genotype 
on encoding-related hippocampal and prefrontal cortex (PFC) 
activity and memory retrieval in a strategic picture-encoding 
task in 70 patients with BD in full or partial remission. We used 
a picture encoding task identical to Dodds et al. (6) but used a 
free recall memory task to assess memory performance instead 
of a recognition task. Free recall of complex scenes relies heavily 
on the hippocampus (16) and also the PFC (17, 18) and these 
neural mechanisms appear to be specific for free recall over for 
instance item memory (19–21). Further, studies have indicated 
a possible advantage of Met carriers in terms of PFC function 
and working memory (22–24). For instance, one study showed 
that over-expression of BDNF in mice resulted in decreased 
working memory function (23). Also, altered PFC activity has 
been associated with cognitive deficits in BD (25, 26). Hence, 
we hypothesized that i) Met carriers would show reduced 
hippocampal and/or increased dorsal PFC (dPFC) activity 
during picture encoding and ii) this altered activity would be 
associated with impaired free recall for the encoded pictures.

MaTERIals aND METHODs

Participants
Seventy BD patients in partial or full remission were included in 
the study. Baseline data for the patients was obtained from patients’ 
participation in two randomized intervention studies investigating 
cognitive function in BD (27, 28). Participants were between 18 
and 65 years of age (mean ± SD; 37 ± 10) and had normal or 
corrected-to-normal vision. All participants were screened with 
Schedules for Clinical Assessment in Neuropsychiatry (SCAN) 
to confirm diagnosis of BD. Participants were also rated on the 
Hamilton Depression Rating Scale [HDRS-17; (29)] and Young 
Mania Scale [YMRS; (30)] to confirm that they were in partial or 
full remission (HDRS and YMRS scores ≤14). The original studies 
were approved by the local ethics committee, Danish Data Agency, 
and Danish Medicines Agency, and written consent was obtained 
from all participants prior to beginning of the study. For further 
details on the recruitment and screening processes, please see 
previous studies (27, 28).

genotyping
Genomic DNA was extracted from blood samples with the 
Maxwell Blood DNA purification kit (Promega, Madison, 
WI, USA) in accordance with the manufacturer’s protocol 
and the samples were genotyped using the Illumina Infinium 
PsychArrayBeadChip (Illumina, San Diego, CA, USA).
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Magnetic Resonance Imaging
fMRI data was collected at the Danish Research Centre for Magnetic 
Resonance with an eight-channel head coil on a 3T Siemens 
Trio MR scanner (Siemens, Erlangen, Germany). Blood oxygen 
level-dependent T2*-weighted functional images were acquired 
using echo-planar imaging (EPI) with the following parameters: 
repetition time (TR), 2490 ms; echo time, 30 ms; slice thickness, 3 
mm; field of view (FOV), 192 × 192 mm using a 64 × 64 grid, flip 
angle 20°. A total of 117 volumes were acquired in a single fMRI 
session and each volume consisted of 42 slices. A field-map was 
recorded to allow distortion correction of the acquired EPI images. 
Participants also underwent a high-resolution structural scan where 
a T1-weighted 3D structural image was acquired to co-register with 
the functional images, with the following parameters: TI = 800, 
TE = 3.93, TR = 1540 ms, flip angle 9°, 1 × 1 × 1 mm voxel size, 
256×256 FOV, and 192 slices.

fMRI Data analysis
Pre-Processing
Pre-processing was carried out with the fMRI Expert Analysis 
Tool (FEAT; version 6.0) in FMRIB’s software library (FSL; www.
fmrib.ox.ac.uk/fsl). Standard pre-processing steps included non-
brain removal, realignment, correction for B0 field distortions, 
slice time correction, and spatial normalization of functional 
and structural images to a Montreal Neurologic Institute (MNI) 
template. The normalized functional images were spatially 
smoothed using an isotropic Gaussian smoothing kernel with a 
full width at half maximum (FWHM) of 5 mm. The time series in 
each session was high pass filtered (to max. 0.008 Hz).

Statistical Analysis
At the first level, picture encoding and rest events were 
modelled as boxcar functions and convolved with a canonical 
hemodynamic response function. A picture encoding BOLD 
contrast was computed by subtracting non-encoding periods 
from the picture encoding events.

At group level, we assessed differences in the picture-encoding 
contrast task between the two genotype groups. The group-
level statistical estimation was carried out using nonparametric 
permutation tests with the FSL Randomise tool (http://www.fmrib.
ox.ac.uk/fsl/randomise/index.html, 31) using default settings and 
5000 permutations. This method was used as it has been shown 
that permutation testing produces nominal results for clusterwise 
inference, while parametric statistical methods failed to do so (32). 
ValVal and Met carrier genotype groups were contrasted for each 
of the pre-determined regions of interest (ROIs). The ROIs were 
constructed on the MNI template and included bilateral hippocampi 
and the dPFC. The hippocampal ROI was anatomically defined, 
while the dPFC ROI was a spherical ROI based on a previous paper 
investigating dPFC activity during encoding and subsequent free 
recall (33) (Figure 1). The bilateral hippocampus was defined using 
cortical maps thresholded at 30% provided by the Harvard-Oxford 
cortical structure atlas implemented in FSLView (34). In addition 
to these ROI analyses, we conducted an exploratory whole-brain 
analysis applying a brain mask to investigate whether genotype 
groups’ encoding-related activity differed in any other (unforeseen) 
regions. For analyses at the group level, demographic variables 

including age, sex, years of education, and clinical variables (HDRS 
and YMRS) were modelled as regressors of no interest. The resulting 
data were assessed using Threshold-Free Cluster Enhancement 
(TFCE) to identify potential clusters (35).

Finally, we extracted the encoding-related BOLD signal 
change from the predefined ROIs and any additional regions 
showing differential response between genotype groups and 
correlated these values with participants subsequent recall score.

Picture Encoding and Retrieval Task
Stimuli pictures consisted of images of complex scenes collected 
from the International Affective Picture System [IAPS; (36)]. 
Several studies have demonstrated that encoding of such complex 
images is related to hippocampal activity (9, 37). All images were 
matched for valence, arousal, and complexity. Participants received 
instructions on the screen prior to the beginning of the task. 
During fMRI, participants viewed six 24-s picture blocks, each 
block consisting of six pictures. Each picture was presented on the 
screen for 3 s followed by an inter-stimulus interval (ISI) of 1 s in 
a pseudo-randomized order. Each picture block was followed by a 
short rest in which participants saw a fixation cross presented in 
the middle of the screen for 24 s. The total duration of the task was 
approximately 5 min. Participants were instructed to pay careful 
attention to the presented pictures, as they would be required to 
complete a subsequent memory task. Hence, the task comprised 
a strategic memory-encoding component. Participants were also 
instructed to make indoor-outdoor judgments for each picture, 
ensuring that participants paid attention to the task. Each picture 
block contained an equal number of indoor and outdoor scenes. 

Immediately following the scanning session, participants 
completed a free recall test of the pictures, in which participants 

FIgURE 1 | Visualization of the dPFC (above) and hippocampal (below) ROIs.
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were instructed to tell the experimenter about as many pictures 
they could remember and describe each picture in detail. One 
point was awarded for each remembered picture, yielding a total 
free recall score.

statistical analysis
Analyses of behavioral data and extracted mean percent signal 
change from the identified clusters in the FSL Randomise analysis 
were performed using SPSS (version 22; IBM Corporation).

As only a small number (N = 4) of participants carried the 
MetMet genotype, ValMet and MetMet carriers were pooled 
together in a Met-carrier (MetCar) group (N = 26) and compared 
to ValVal homozygotes (N = 43). Performance on the picture 
memory task was calculated as the number of correctly recalled 
images on the free recall test. For each participant, a raw score 
was calculated with a score of 1 being given for each remembered 
picture. The total number of false positives was also recorded. 
ValVal vs MetCar genotypes were compared for demographic 
and clinical variables and performance on memory tests using 
independent samples t-tests (two-tailed) and χ2. The relationship 
between neural activity in ROIs/significant clusters and memory 
performance was assessed with Pearson’s correlations and Fisher’s 
r to z transformation. Likewise, the relationship between clinical 
measures, age, years of education, memory recall, and neural 
activity was assessed with Pearson’s correlations. Interaction 
effects between genotype and total number of medications on 
memory recall and encoding-related activity was assessed with 
a univariate ANOVA.

For all tests, it was ensured that assumptions were met, and where 
assumptions were violated, data were either square-root transformed 
to fit a Gaussian distribution or analyzed with non-parametric tests 
(Mann-Whitney U). The alpha-level was set at P = 0.05.

REsUlTs
Of the 70 participants recruited for the study, two participants had 
missing behavioral data and were omitted from fMRI analyses, 
yielding N = 68 subjects (ValVal: N = 42; ValMet/MetMet: N = 
26) for analysis. There were no differences between the ValVal 
and the ValMet/MetMet genotype groups in demographic or 
clinical variables including age, years in education, age at onset, 
illness duration, number of hospitalisations, mood symptoms, or 
medication status (P > 0.05; Table 1).

Functional MRI analysis
Main Effect of Task
To confirm that the task was associated with the expected activity 
in visual areas and the hypothesized ROIs, we carried out a non-
parametric one-sample t-test across all subjects showing that 
picture encoding was associated with activity in a large network 
of brain regions, including the dorsal PFC, occipital, parietal, and 
temporal regions (see Figure 2; network shown in green). Across 
all participants, picture encoding vs. baseline was also associated 
with increased activity in the predefined ROIs: the bilateral 
hippocampi and the dPFC (TFCE corrected P < 0.05).

Effect of Genotype
In contrast to our hypothesis, there were no significant effects 
of genotype on encoding-related neural activity in the bilateral 
hippocampus, or in the dPFC at P = 0.05 (TFCE) in the ROI analyses. 
An exploratory whole-brain analysis showed that Met carriers 
displayed greater activity in a cluster located to the lateral occipital 
(LO) cortex compared to participants with the ValVal genotype 
(peak coordinate: x = –58 y = –66, z = –8; Table 2; Figure 2).

Relationship Between Neural Activity and 
Memory Performance
Across all subjects, there was no statistically significant correlation 
between hippocampal activity (mean % signal change) and 

TaBlE 1 | Means (SD) for demographic and clinical variables, picture memory 
task performance, and significance levels for differences between the ValVal and 
the ValMet/MetMet groups in remitted patients with bipolar disorder.

Variable genotype P-value

ValVal 
(N = 43)

ValMet/MetMet 
(N = 27)

Age, mean (SD) 36.2 (10.3) 37.6 (10.7) 0.58
Years of education, mean (SD) 15.5 (3.2) 15.0 (3.4) 0.51
Age at onset 20.0 (9.3) 21.15 (9.6) 0.67
BD type, no type 1 (%) 18 (48.6) 13 (61.9) 0.33
Illness duration, mean (SD) 16.8 (8.9) 16.8 (11.4) 0.98
No of depressive episodes, 
mean (SD)

6.1 (5.9) 7.3 (8.7) 0.55

No of manic episodes mean 
(SD)

8.7 (8.5) 7.4 (10.8) 0.61

No of hospitalisations, mean 
(SD)

2.7(0.8) 2.7 (0.8) 0.78

Gender, no women (%) 60.0 56.5 0.99
HDRS-17 baseline, mean (SD) 7.6 (5.1) 7.9 (4.8) 0.75
YMRS baseline, mean (SD) 2.1 (2.4) 2.5 (2.4) 0.33
Picture Memory score, mean 
(SD)

8.0 (5.3) 10.3 (5.0) 0.05

Medication
Lithium n (%) 17 (45.9) 11 (55.0)
Anticonvulsants, n (%) 23 (62.2) 11 (55.0) 0.60
Antidepressants, n (%) 14 (37.8) 8 (40.0) 0.87
Antipsychotics, n (%) 14 (37.8) 6 (30.0) 0.51
Benzodiazepines, n (%) 10 (27.0) 5 (25.0) 0.87
Melatonin, n (%) 1 (2.7) 2 (10.0) 0.24
No of medications, means (SD) 2.16 (0.8) 2.10 (1.0) 0.80

HDRS-17, Hamilton Depression Rating Scale 17 items; YMRS, Young Mania 
Rating Scale; SD, standard deviation.

TaBlE 2 | Significant clusters for the picture encoding task. Cluster peak and 
local maximum is represented with x, y, z MNI coordinates and Threshold-Free 
Cluster Enhancement corrected P-values.

Task and 
Region

side Cluster 
TFCE P

Cluster 
size 

(voxels)

x y z

Picture encoding
Occipital cortex L P < 0.002 192 –58 –66 –8

L, left; MNI, Montreal Neurologic Institute; R, right; TFCE, Threshold-Free Cluster 
Enhancement.
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memory recall, r(68) = 0.07, P = 0.56. There was also no statistically 
significant difference in this correlation between the ValVal (r = 
-0.07, P = 0.65) and the Met carrier (r = 0.05, P = 0.80) groups, Z =  
-0.47, P = 0.64. In the dPFC, there was no statistically significant 
correlation between memory recall and mean % signal change, 
r(68) = 0.10, P = 0.42, although when comparing the correlations 
for the two genotypes, these were significantly different, Z = 2.33, 
P = 0.02, which was due to a positive correlation between mean % 
signal change in the dPFC and memory for ValVal [r(42) = 0.29, P =  
0.06], while this correlation was negative for Met carriers, r(24) =  
-0.31, P  = 0.13. We also investigated the relationship between 
memory recall and the activity in the identified significant cluster 
in the occipital lobe across all subjects but this correlation was also 
non-significant rs(68) = 0.17, P = 0.17. Furthermore, there was no 
difference in correlation between activity in the significant cluster 
and memory recall between the two groups, Z = 0.65, P = 0.51.

Behavioral analyses
Picture recall after the scan: An independent samples t-test 
carried out on the square root-transformed data showed that 
unexpectedly, Met carriers displayed a superior picture memory 
performance (higher number of correctly recalled pictures) in 
comparison with Val homozygotes [mean ± SD, Met carriers: 
10.3 ± 5.0, Val homozygotes: 8.0 ± 5.3; t(67) = 2.35, P = 0.02, d = 
0.61; Figure 3]. There were no differences between the two groups 

in the number of false positives (i.e., “made up” pictures) (U = 
437.0, P = 0.71, η2 = 0.002). There were no significant correlations 
between picture recall and sub-syndromal mania or depression 
symptoms, age, and years of education in either of the two groups 
or across the entire sample (P ≥ 0.20). Use of antidepressants, 
lithium, anticonvulsants, antipsychotics, and diazepines was not 
associated with memory recall (P ≥ 0.13). There was no significant 
interaction effect between val66met BDNF genotype and total 
number of medications on memory recall (P = 0.23). The main 
effect of medication was also non-significant (P = 0.27).

associations Between Mood, Medication 
and BOlD Response
To investigate whether associations with mood or medication 
status could explain our obtained fMRI results, we carried out 
the following analyses: Across the entire sample, subsyndromal 
depression symptoms showed a negative correlation with mean 
% signal change in the bilateral hippocampus (HDRS; r = -0.25, 
P = 0.04). This effect was due to a strong relationship between 
HDRS scores and hippocampal activity within the ValVal group 
(r = -0.49, P < 0.001), while there was no significant relationship 
between HDRS scores and hippocampal activity in the Met 
carrier group alone (r = 0.28, P = 0.17). For the dPFC and the 
identified cluster in the LO cortex, there were no significant 
relationships between mean % signal change in these regions 
during encoding and HDRS or YMRS scores across the entire 
sample (P’s > 0.20) or within the genotype groups (P’s > 0.19).

Use of antidepressants, lithium, anticonvulsants, antipsychotics, 
and diazepines was not associated with mean percent BOLD signal 
change in the hippocampal or dPFC ROIs or in the identified LO 
cortex cluster (P’s ≥ 0.05). Assessing the effects of the total number 
of medications on neural activity during encoding, there was no 

FIgURE 2 | Encoding activity during encoding across all participating 
remitted patients with bipolar disorder, showing activity in a large network 
(marked in green). Cluster shows encoding activity for ValMet/MetMet > 
ValVal (-56 -64 -10). Effects displayed on an MNI template and thresholded at 
P > 0.05 (TFCE whole-brain). Error bars show SE. Plot shows mean percent 
blood-oxygen dependent (BOLD) signal change during encoding within the 
significant cluster. Error bars show standard error (SE).

FIgURE 3 | Mean memory score on the picture memory task for the ValVal 
and the ValMet/MetMet groups in remitted patients with bipolar disorder. 
Error bars represent SE. Significance of asterisk is at the 0.05 level (exact 
p-value is P = 0.02).
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significant interaction between val66met BDNF genotype and total 
number of medications for encoding-related activity in the dPFC or 
hippocampal ROIs, or in the identified LO cortex cluster (P > 0.05).

sensitivity analyses
To rule out the effects of subsyndromal symptoms in the current 
analyses, we conducted a sensitivity analysis only including the 
participants in full remission (HDRS < 7; YMRS < 7), yielding a 
total of 34 datasets for analysis.

Like in the full dataset, participants that were carriers of the 
Met allele showed numerically better memory performance (M = 
10.17, SD = 4.51) compared to ValVal homozygotes (M = 7.62, 
SD = 4.40), although this effect did not reach significance for this 
subset of participants, t(31) = 1.59, P = 0.12. Consistent with the 
analyses conducted on all participants, for fMRI analyses, there 
was no significant effect of genotype on activity during encoding 
in the bilateral hippocampal ROI or the dPFC. An exploratory 
whole-brain analysis did also not show any significant effect of 
genotype on activity during encoding.

DIsCUssION
We investigated for the first time the effects of BDNF Val66Met 
genotype on encoding-related hippocampal response and 
memory performance in partially or fully remitted patients 
with BD. In contrast to our hypothesis, we found no impact of 
this BDNF genotype on hippocampal (or dorsal PFC response) 
during picture encoding. However, an exploratory whole-brain 
analysis showed that Met carriers displayed greater encoding-
related neural activity in the LO cortex compared to ValVal 
homozygotes. At a behavioral level, Met carriers also displayed 
superior picture recall following the encoding session in the 
scanner compared to the ValVal homozygotes.

The lack of an association between BDNF genotype and 
hippocampal activity during encoding is in accordance with a 
previous study on healthy volunteers using an identical picture 
encoding task (6) but contrasts with other similar studies 
showing either no difference (9) or increased (8) MTL activity 
during encoding of complex scenes in healthy subjects. The lack 
of a healthy control group in this study to serve as a baseline 
challenges the interpretation of the current findings in relation 
to existing studies in healthy volunteers and hence comprises 
a limitation of the current study. Nevertheless, investigating 
the relationship between BDNF genotype, memory, and 
neural mechanisms in BD alone can still be used to identify 
potential mechanisms underlying the heterogeneity in cognitive 
impairment across BD patients. In this context, our results do 
not suggest that differences in hippocampal processing during 
memory encoding between Met carriers and ValVal homozygotes 
contribute to cognitive heterogeneity in BD.

In the exploratory whole-brain analysis, we observed an 
effect of BDNF Val66Met genotype on neural processing in 
a cluster located to the LO cortex, with Met carriers showing 
greater activity during encoding in this region compared to 
ValVal homozygotes, indicating a potential difference in visual 
processing that is dependent on genotype. The lateral occipital 

cortex is known to be involved in visual processing and object 
perception and recognition (38) and has specifically been 
implicated in identifying object shapes (39). Why encoding-
related processing in this area should be greater in Met carriers 
than ValVal homozygotes is not clear, but this finding is consistent 
with the observed better memory recall in the Met carrier group, 
although we did not observe a significant relationship between 
the mean percent BOLD signal change extracted from the 
identified cluster and subsequent memory performance.

Surprisingly, we observed better picture recall in BD Met 
carriers than in ValVal homozygotes. This was in contrast to 
our hypothesis that Met carriers would show reduced memory 
performance and also contradicts the majority of studies 
reporting a relationship between BDNF genotype and memory 
performance, where higher Met load is often associated with 
poorer memory in both healthy volunteers (9, 11, 12) and BD 
(14, 40). In terms of comparison with results from studies using 
healthy volunteers, we expected that potential effects of Val66Met 
BDNF genotype would be exacerbated in BD. However, it 
is possible that residual BD symptoms might instead blunt 
potential differences due to BDNF genotype. Another possibility 
is that different methods of memory assessment explain the 
divergent findings; we used a free recall task of complex scenes 
whereas others investigating the relationship between BDNF 
genotype and memory in BD have used other tasks such as the 
CVLT (41, 42). Hence, it is possible that subtle differences in 
the mechanisms supporting different memory types might have 
played a role in the divergent findings, where Met carriers may be 
impaired compared to ValVal homozygotes on a verbal learning 
task but not a visual learning task, which is consistent with our 
finding showing increased activity during encoding in the LO 
cortex known to play a role in visual processing.

Also, some studies have suggested that there might be a 
possible advantage of Met carriers in terms of PFC function 
and working memory (22). Free recall is dependent on both 
PFC processing and working memory function and we did see 
a significant positive correlation between dPFC activity during 
encoding and subsequent memory for the Met carrier group that 
was not present in the ValVal group. Hence, it is possible that Met 
carriers more efficiently recruited the dPFC during encoding.

Another point is that the previous studies showing better 
performance for ValVal homozygotes compared to Met carriers 
in psychiatric populations have often used samples including 
both remitted and currently depressed patients (e.g. 15). Such 
samples may show reduced performance on cognitive tasks due 
to patients’ affective symptoms (43), which might interact with 
Met load. A strength of the current study was the inclusion of a 
relatively homogeneous sample of remitted or partially remitted 
BD patients, which limited confounding effects of affective 
symptoms compared to previous studies. However, this study did 
include patients in both partial and full remission, and hence, 
sub-syndromal mood symptoms could have had an impact on 
memory performance in this study too. In this context, we found 
a negative correlation between residual depression symptoms 
and hippocampal activity during encoding across the entire 
sample, suggesting that patients with more depressive symptoms 
recruited the hippocampus less efficiently during learning. This 
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observation is consistent with the state-related impairments 
in learning and memory seen in depression. Interestingly, this 
association was more pronounced in the ValVal homozygotes 
who are believed to have more activity-dependent hippocampal 
BDNF trafficking and greater encoding-related hippocampal 
response when healthy (9).

To further address the potential significance of residual 
depressive symptoms, we carried out sensitivity analyses only 
including patients in full remission and consistent with the main 
analyses, we found no significant effect of genotype on activity 
during encoding in the predefined dPFC or hippocampal ROIs. 
For the sensitivity analyses, the whole-brain analyses did not 
yield any significant effect of genotype. However it should be 
noted that the sample size was dramatically reduced in these 
analyses (N = 33).

For the main analyses, we used a relatively large sample size 
(N = 68) for assessment of differences between the genotype 
groups in encoding-related neural activity. In comparison, other 
studies used between 22 and 58 participants (6, 8, 9, 14, 42). Due 
to a small number of participants with the MetMet genotype 
(N = 4), we decided to not compare patients with the MetMet and 
ValMet genotypes. We were thus unable to explore a potential 
association between Met load and clinical, cognitive and neural 
responses as done in previous studies (6, 44). Indeed, this could 
have brought more clarity to the current results showing a weak 
advantage for Met-carriers on the free recall task. Further, as 
all participants received psychotropic medication it cannot be 
excluded that this has influenced the present result. Finally, as 
mentioned previously, having a healthy control group to serve as 
a baseline and comparison with previous studies using healthy 
subjects would have been an advantage.

In conclusion, we found no association between BDNF 
val66met genotype and hippocampal or dorsal PFC activity 
during picture encoding, although Met carriers showed an 
unexpected greater picture recall after the scan. Exploratory 
whole-brain analysis revealed larger lateral occipital cortex 
response in Met carriers, which might reflect increased visual 
processing during picture encoding in this group, although 
activity in this region did not correlate with subsequent memory 
performance. Instead, Met carriers might show more efficient 
processing in the dPFC during encoding compared to ValVal 
carriers. The absence of effects of BDNF val66met genotype on 
memory-related hippocampal response in our BD sample may 

be due to the effects of subsyndromal symptoms overriding 
more subtle effects of BDNF val66met genotype since we 
allowed subsyndromal symptoms in our sample in the interest 
of generalizability. Specifically, future studies should use even 
larger samples (n > 70), include a healthy control group, and 
investigate fully remitted BD patients (with scores <7 on HDRS 
and YMRS) or healthy, non-medicated participants at high risk 
for BD (first-degree relatives) to assess potential dose-dependent 
effects of Met load on neural and cognitive measures of learning 
and memory in BD.

DaTa aVaIlaBIlITY sTaTEMENT
The raw data supporting the conclusions of this manuscript will 
be made available by the authors, without undue reservation, to 
any qualified researcher.

ETHICs sTaTEMENT
The studies involving human participants were reviewed 
and approved by De Videnskabsetiske Komitéer, Region 
Hovedstaden. The patients/participants provided their written 
informed consent to participate in this study.

aUTHOR CONTRIBUTIONs
KM designed the original studies together with LK, MV, and HS. 
KM was responsible for carrying out the data collection. LH and 
JM analyzed the data under the supervision of KM. LH and KM 
wrote the manuscript. All authors approved the final version of 
the manuscript for submission.

FUNDINg
The study was based on two original trials funded by the 
TrygFonden, Danish Council for Independent Research, Novo 
Nordisk Foundation, Beckett Fonden, and Savværksejer Juhl’s 
Mindefond. The sponsors had no role in the planning or conduct 
of the study or in the interpretation of the results.

REFERENCEs
 1. Solé B, Jiménez E, Torrent C, Reinares M, Del Mar Bonnin C, Torres I. 

Cognitive impairment in bipolar disorder: treatment and prevention 
strategies. Int J Neuropsychopharmacol (2017) 20(8):670–80. doi: 10.1093/
ijnp/pyx032

 2. Tse S, Chan S, Kl N, Ln Y. Meta-analysis of predictors of favorable 
employment outcomes among individuals with bipolar disorder. Bipolar 
Disord (2014) 16(5):217–29. doi: 10.1111/bdi.12148

 3. Meyer-Lindenberg A, Weinberger DR. Intermediate phenotypes and genetic 
mechanisms of psychiatric disorders. Nat Rev Neurosci (2006) 7(10):818–27. 
doi: 10.1038/nrn1993

 4. Chen Z, Jing D, Bath KG, Ieraci A, Khan T, Siao J, et al. (Val66Met) 
polymorphism alters anxiety-related behavior. Science (2006) 314(5796):140–
3. doi: 10.1126/science.1129663

 5. Notaras M, Hill R, Van Den Buuse M. The BDNF gene Val66Met polymorphism 
as a modifier of psychiatric disorder susceptibility: progress and controversy. 
Mol Psychiatry (2015) 20(8):916–30. doi: 10.1038/mp.2015.27

 6. Dodds CM, Henson RN, Suckling J, Miskowiak KW, Ooi C, Tait R. Effects of 
the BDNF Val66Met polymorphism and met allele load on declarative memory 
related neural networks. PloS One (2013) 8(11):e74133. doi: 10.1371/journal.
pone.0074133

 7. van Wingen G, Rijpkema M, Franke B, van Eijndhoven P, Tendolkar  I, 
Jan Verkes R. The brain-derived neurotrophic factor Val66Met polymorphism 

Frontiers in Psychiatry | www.frontiersin.org December 2019 | Volume 10 | Article 845

https://doi.org/10.1093/ijnp/pyx032
https://doi.org/10.1093/ijnp/pyx032
https://doi.org/10.1111/bdi.12148
https://doi.org/10.1038/nrn1993
https://doi.org/10.1126/science.1129663
https://doi.org/10.1038/mp.2015.27
https://doi.org/10.1371/journal.pone.0074133
https://doi.org/10.1371/journal.pone.0074133
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Val66Met and Memory in BDHørlyck et al.

8

affects memory formation and retrieval of biologically salient stimuli. 
Neuroimage (2010) 50(3):1212–8. doi: 10.1016/j.neuroimage.2010. 01. 058

 8. Dennis NA, Cabeza R, Need AC, Waters-Metenier S, Goldstein DB, 
LaBar KS. Brain-derived neurotrophic factor Val66Met polymorphism 
and hippocampal activation during episodic encoding and retrieval tasks. 
Hippocampus (2012) 21(9):980–9. doi: 10.1002/hipo.20809

 9. Hariri AR, Goldberg TE, Mattay VS, Kolachana BS, Callicott JH, 
Egan MF. Brain-derived neurotrophic factor val66met polymorphism 
affects human memory-related hippocampal activity and predicts 
memory performance. J Neurosci (2003) 23(17):6690–4. doi: 10.1523/
JNEUROSCI.23-17-06690.2003

 10. Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino 
A. The BDNF val66met polymorphism affects activity-dependent secretion 
of BDNF and human memory and hippocampal function. Cell (2003) 
112(2):257–69. doi: 10.1016/S0092-8674(03)00035-7

 11. Toh YL, Ng T, Tan M, Tan A, Chan A. Impact of brain- derived neurotrophic 
factor genetic polymorphism on cognition: a systematic review. Brain and 
Behavior (2018) 8(7):e01009. doi: 10.1002/brb3.1009

 12. Goldberg TE, Iudicello J, Russo C, Elvevåg B, Straub R, Egan MF. BDNF 
Val66Met polymorphism significantly affects d′ in verbal recognition 
memory at short and long delays. Biol Psychol (2008) 77(1):20–4. doi: 
10.1016/j.biopsycho.2007.08.009

 13. Beste C, Schneider D, Epplen JT, Arning L. The functional BDNF Val66Met 
polymorphism affects functions of pre-attentive visual sensory memory 
processes. Neuropharmacology (2011) 60(2–3):467–71. doi: 10.1016/j.
neuropharm.2010.10.028

 14. Cao B, Sciences B, States U, Bauer IE, Sciences B, States U. Reduced 
hippocampus volume and memory performance in bipolar disorder patients 
carrying the BDNF val66met met allele. J Affect Disord (2016) 198:198–205. 
doi: 10.1016/j.jad.2016.03.044

 15. Rolstad S, Sellgren Majkowitz C, Joas E, Ekman CJ, Pålsson E, Landén M. 
Polymorphisms of BDNF and CACNA1C are not associated with cognitive 
functioning in bipolar disorder or healthy controls. Cognit Neuropsychiatry 
(2016) 21(3):271–8. doi: 10.1080/13546805.2016.1185405

 16. Yonelinas AP. The nature of recollection and familiarity: a review of 
30 years of research. J Mem Lang (2002) 46(3):441–517. doi: 10.1006/jmla. 
2002.2864

 17. Blumenfeld RS, Ranganath C. Prefrontal cortex and long-term memory 
encoding: an integrative review of findings from neuropsychology and 
neuroimaging. The Neuroscientist (2007) 13(280):280–91. doi: 10.1177/ 
1073858407299290

 18. Nolde SF, Johnson MK, Raye CL. The role of prefrontal cortex during tests 
of episodic memory. Trends Cognit Sci (1998) 2(10):399–406. doi: 10.1016/
S1364-6613(98) 01233-9

 19. Staresina BP, Davachi L. Differential encoding mechanisms for subsequent 
associative recognition and free recall. J Neurosci (2006) 26(36):9162–72. 
doi: 10.1523/JNEUROSCI.2877-06.2006

 20. Brown MW, Aggleton JP. Recognition memory: What are the roles of the 
perirhinal cortex and hippocampus? Nat Rev Neurosci (2001) 2(1):51–61. 
doi: 10.1038/35049064

 21. Ranganath C, Yonelinas AP, Cohen MX, Dy CJ, Tom SM, Esposito 
MD. Dissociable correlates of recollection and familiarity within the 
medial temporal lobes. Neuropsychologia (2003) 42:2–13. doi: 10.1016/j.
neuropsychologia.2003.07.006

 22. Brooks SJ, Nilsson EK, Jacobsson JA, Stein DJ, Fredriksson R, Lind L. 
BDNF polymorphisms are linked to poorer working memory performance, 
reduced cerebellar and hippocampal volumes and differences in prefrontal 
cortex in a swedish elderly population. PLoS One (2014) 9(1):e82707. doi: 
10.1371/journal.pone.0082707

 23. Papaleo F, Silverman JL, Aney J, Tian Q, Barkan CL, Chadman KK, et  al. 
Working memory deficits, increased anxiety-like traits, and seizure 
susceptibility in BDNF overexpressing mice. Learning and Memory (N.Y.: 
Cold Spring Harbor) (2011) 18(8):534–44. doi: 10.1101/lm.2213711

 24. Alfimova MV, Korovaitseva GI, Lezheiko TV, Golimbet VE. Effect of 
BDNF Val66Met polymorphism on normal variability of executive functions. Bull 
Exp Biol Med (2012) 152(5):606–9. doi: 10.1007/s10517-012-1587-x

 25. Macoveanu J, Demant KM, Vinberg M, Siebner HR, Kessing LV, Miskowiak 
KW. Towards a biomarker model for cognitive improvement: no change 
in memory-related prefrontal engagement following a negative cognitive 
remediation trial in bipolar disorder. J Psychopharmacol (2018) 32(10):1075–
85. doi: 10.1177/0269881118783334

 26. Fernández-Corcuera P, Salvador R, Monté GC, Salvador Sarró S, 
Goikolea  JM,  Amann B. Bipolar depressed patients show both failure 
to activate and failure to de-activate during performance of a working 
memory  task. J Affect Disord (2013) 148(2–3):170–8. doi: 10.1016/j.
jad.2012.04.009

 27. Miskowiak KW, Macoveanu J, Vinberg M, Assentoft E, Randers L, Harmer 
CJ. Effects of erythropoietin on memory-relevant neurocircuitry activity and 
recall in mood disorders. Acta Psychiatr Scand (2016) 134(3):249–59. doi: 
10.1111/acps.12597

 28. Demant KM, Vinberg M, Kessing LV, Miskowiak KW. Assessment of 
subjective and objective cognitive function in bipolar disorder: correlations, 
predictors and the relation to psychosocial function. Psychiatry Res (2015) 
229(1–2):565–71. doi: 10.1016/j.psychres.2015.05.022

 29. Hamilton M. A rating scale for depression. J Neurol Neurosurg Psychiat 
(1960) 23(56):56–62. doi: 10.1136/jnnp.23.1.56

 30. Young RC, Biggs JT, Ziegler VE, Meyer DA. A rating scale for mania: 
reliability, validity and sensitivity. Br J Psychiatry (1978) 133:429–35. doi: 
10.1192/bjp.133.5.429

 31. Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE. Permutation 
inference for the general linear model. Neuroimage (2014) 92:381–97. doi: 
10.1016/j.neuroimage.2014.01.060

 32. Eklund A, Nichols TE, Knutsson H. Cluster failure: Why fMRI inferences 
for spatial extent have inflated false-positive rates. Proc Natl Acad Sci USA 
(2016) 113(28):7900–5. doi: 10.1073/pnas.1602413113

 33. Long NM, Ilke O, Badre D. Separable Prefrontal Cortex Contributions 
to Free Recall. J Neurosci (2010) 30(33):10967–76. doi: 10.1523/
JNEUROSCI.2611-10.2010

 34. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D. An 
automated labeling system for subdividing the human cerebralcortex on 
MRI scans into gyral based regions of interest. Neuroimage (2006) 31:968–
80. doi: 10.1016/j.neuroimage.2006.01.021

 35. Smith SM, Nichols TE. Threshold-free cluster enhancement: Addressing 
problems of smoothing, threshold dependence and localisation in cluster 
inference. Neuroimage (2009) 44(1):83–98. doi: 10.1016/j.neuroimage.2008. 
03.061

 36. Lang B. The International Affective Picture System (IAPS) in the study 
of  emotion and attention. In: Coan JA, Allen JJ, editors. Handbook of 
Emotion  Elicitation and Assessment. Oxford University Press (2007). 
p. 493.

 37. Stern CE, Corkin S, Gonzalez RG, Guimaraes AR, Baker JR, Jennings PJ. 
The hippocampal formation participates in novel picture encoding: evidence 
from functional magnetic resonance imaging. Proc Natl Acad Sci (1996) 
93(16):8660–5. doi: 10.1073/pnas.93.16.8660

 38. Grill-spector K, Kourtzi Z, Kanwisher N. The lateral occipital complex and 
its role in object recognition. Vision Res (2001) 41(10–11):1409–22. doi: 
10.1016/S0042-6989(01)00073-6

 39. Kim JG, Biederman I, Lescroart MD, Hayworth KJ. Adaptation to objects in 
the lateral occipital complex (LOC): Shape or semantics? Vision Res (2009) 
49(18):2297–305. doi: 10.1016/j.visres.2009.06.020

 40. Mandolini GM, Lazzaretti M, Pigoni A, Delvecchio G, Soares JC, Brambilla 
P. The impact of BDNF Val66Met polymorphism on cognition in bipolar 
disorder: a review. J Affect Disord (2018) 243:552–558. doi: 10.1016/j.jad. 
2018.07.054

 41. Cao B, Passos IC, Mwangi B, Bauer IE, Zunta-Soares GB, Kapczinski  F. 
Hippocampal volume and verbal memory performance in late-stage bipolar 
disorder. J Psychiatr Res (2016) 73:102–7. doi: 10.1016/j.jpsychires.2015. 
12.012

 42. Matsuo K, Walss-bass C, Nery FG, Nicoletti MA, Hatch JP, Frey BN. Neuronal 
correlates of brain-derived neurotrophic factor Val66Met polymorphism and 
morphometric abnormalities in bipolar disorder. Neuropsychopharmacology 
(2009) 34(8):1904–13. doi: 10.1038/npp.2009.23

December 2019 | Volume 10 | Article 845Frontiers in Psychiatry | www.frontiersin.org

https://doi.org/10.1016/j.neuroimage.2010.01.058
https://doi.org/10.1002/hipo.20809
https://doi.org/10.1523/JNEUROSCI.23-17-06690.2003
https://doi.org/10.1523/JNEUROSCI.23-17-06690.2003
https://doi.org/10.1016/S0092-8674(03)00035-7
https://doi.org/10.1002/brb3.1009
https://doi.org/10.1016/j.biopsycho.2007.08.009
https://doi.org/10.1016/j.neuropharm.2010.10.028
https://doi.org/10.1016/j.neuropharm.2010.10.028
https://doi.org/10.1016/j.jad.2016.03.044
https://doi.org/10.1080/13546805.2016.1185405
https://doi.org/10.1006/jmla.2002.2864
https://doi.org/10.1006/jmla.2002.2864
https://doi.org/10.1177/1073858407299290
https://doi.org/10.1177/1073858407299290
https://doi.org/10.1016/S1364-6613(98)01233-9
https://doi.org/10.1016/S1364-6613(98)01233-9
https://doi.org/10.1523/JNEUROSCI.2877-06.2006
https://doi.org/10.1038/35049064
https://doi.org/10.1016/j.neuropsychologia.2003.07.006
https://doi.org/10.1016/j.neuropsychologia.2003.07.006
https://doi.org/10.1371/journal.pone.0082707
https://doi.org/10.1101/lm.2213711
https://doi.org/10.1007/s10517-012-1587-x
https://doi.org/10.1177/0269881118783334
https://doi.org/10.1016/j.jad.2012.04.009
https://doi.org/10.1016/j.jad.2012.04.009
https://doi.org/10.1111/acps.12597
https://doi.org/10.1016/j.psychres.2015.05.022
https://doi.org/10.1136/jnnp.23.1.56
https://doi.org/10.1192/bjp.133.5.429
https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.1073/pnas.1602413113
https://doi.org/10.1523/JNEUROSCI.2611-10.2010
https://doi.org/10.1523/JNEUROSCI.2611-10.2010
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1073/pnas.93.16.8660
https://doi.org/10.1016/S0042-6989(01)00073-6
https://doi.org/10.1016/j.visres.2009.06.020
https://doi.org/10.1016/j.jad.2018.07.054
https://doi.org/10.1016/j.jad.2018.07.054
https://doi.org/10.1016/j.jpsychires.2015.12.012
https://doi.org/10.1016/j.jpsychires.2015.12.012
https://doi.org/10.1038/npp.2009.23
https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org


Val66Met and Memory in BDHørlyck et al.

9

 43. Mcdermott LM, Ebmeier KP. A meta-analysis of depression severity and cognitive 
function. J Affect Disord (2009) 119(1–3):1–8. doi: 10.1016/j.jad.2009.04.022

 44. Hashimoto R, Moriguchi Y, Yamashita F, Mori T. Dose-dependent effect of 
the Val66Met polymorphism of the brain-derived neurotrophic factor gene 
on memory-related hippocampal activity. Neurosci Res (2008) 61(4):360–7. 
doi: 10.1016/j.neures.2008.04.003

Conflict of Interest: KM declares having received honoraria from Lundbeck and 
Allergan in the past three years. MV has received consultancy fee from Lundbeck 
A/S within the past three years. LK has within the preceding three years been a 
consultant for Lundbeck and Sunovion.

The remaining authors declare that the research was conducted in the absence of 
any commercial or financial relationships that could be construed as a potential 
conflict of interest.

Copyright © 2019 Hørlyck, Macoveanu, Vinberg, Kessing, Siebner and Miskowiak. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) and the copyright owner(s) are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org December 2019 | Volume 10 | Article 845

https://doi.org/10.1016/j.jad.2009.04.022
https://doi.org/10.1016/j.neures.2008.04.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	The BDNF Val66Met Polymorphism Has No Effect on Encoding-Related Hippocampal Response But Influences Recall in Remitted Patients With Bipolar Disorder
	Background
	Materials and Methods
	Participants
	Genotyping
	Magnetic Resonance Imaging
	fMRI Data Analysis
	Pre-Processing
	Statistical Analysis

	Picture Encoding and Retrieval Task
	Statistical Analysis

	Results
	Functional MRI Analysis
	Main Effect of Task
	Effect of Genotype
	Relationship Between Neural Activity and Memory Performance

	Behavioral Analyses
	Associations Between Mood, Medication and BOLD Response
	Sensitivity Analyses

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


